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PREPARATION AND CHARACTERIZATION 
OF POLYPROPYLENE NANOCOMPOSITE MATERIALS 
REINFORCED WITH CELLULOSE NANO WHISKERS BY SOLVENT 
CASTING 
SUMMARY 
Nanocomposite material is the new application technology in the last decades with 
the development of science and technology. Nanomaterials display novel and often 
enhanced properties compared to traditional materials, which opens up possibilities 
for new technological applications such as technical textiles in aerospace, 
automotive, building, biomedical, catalytic, separation, chemical sensing, fuel cell, 
capacitor, etc.  
Nanomaterials such as silica, clay, carbon black and carbon nanotube have been 
widely studied and used to make nano polymer composite materials.  Although some 
studies on cellulose nano whiskers (CNW) have been carried out in the last two 
decades, detailed investigations on the use of CNW in composite materials are quite 
recent. Cellulose, one of the most abundant natural polymers, has many advantages: 
renewability, biodegradability, non toxicity, high specific strength and stiffness, low 
cost, good thermal stability, rigidity, among others.  However, there are several 
obstacles for the use of CNW, i.e. lack of commercial availability, low yield 
production, agglomeration in processing, and difficulty of using it in systems which 
are not water based and polar, because of its strong hydrogen bonding and its 
polarity. 
In this work, polypropylene (PP) (an unpolar polymer) and cellulose nano whiskers 
(CNW) (a polar material) have been used to produce nano polymer composites with 
enhanced mechanical and thermal properties. Acid hydrolysis has been used to 
produce cellulose nano whiskers and solvent casting method has been used to 
making nano composite. To improve compatibility, maleic anhydride grafted 
polypropylene (PP-g-MA) and polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene-graft-maleic anhydride (SEBS-g-MA)  have also been used as  
compatibilizers. Thermal and mechanical properties of nanocomposite films were 
investigated.  
As a result, the tensile strength of the composite compared to neat PP is found to be 
improved by 70-80% with the addition of CNW. An increase in CNW amount has 
important effect on nanocomposite film properties. In analysis results, higher thermal 
stability connected with increasing CNW ratios. Differential scanning test proves 
CNW act as nucleating agent and increase the crystallinity by around 50%. The 
results of contact angle test also support that CNW make film surface more 
hydrophilic when compared with neat polypropylene film.  
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SELÜLOZ NANO PARÇACIKLARIYLA  GÜÇLENDİRİLMİŞ 
POLİPROPİLEN NANOKOMPOZİT  MALZEMELERİN SOLVENT 
CASTING METODU İLE HAZIRLANMASI VE ANALİZİ 
ÖZET 
Hızla ilerleyen teknolojiyle beraber nanomalzemelere olan ilgi büyük oranda 
artmıştır. Nano malzemeler 100 nm ve daha küçük boyutlu malzemeler olarak 
tanımlanmaktadır. Nanomalzemeler, geleneksel makro malzemelere göre oldukça 
farklı ve iyileştirilmiş özellikler gösterirler. Bu sayede uzay için teknik tekstil 
malzemeleri, otomotiv, yapı, biyomedikal, ayırma teknolojileri, yakıt pili, kapasitör 
gibi bir çok sektörde yeni kullanım alanlarına olanak sağlarlar.  
Nano teknolojinin amacı, nanometre ölçekli yapıların analizi, fiziksel özelliklerinin 
anlaşılması, farklı ve üstün nitelikli mekanik, elektrik, ısıl, optik ve kimyasal 
özelliklere sahip materyal ve sistemler geliştirmesidir. Son yıllarda, gelişen bilim ve 
teknoloji, nanokompozit malzemelerin araştırılmasını ve kullanımını 
yaygınlaştırmıştır. Bileşenlerinden en az birinin nano boyutta olduğu malzemeler, 
nanokompozit malzemeler olarak adlandırılır. Yakın bir zamanda kendini gösteren 
ve nanoteknolojiye bağlı olarak gelişen bir diğer uygulama alanı ise polimerik 
nanokompozitlerdir. Polimerlerin mekanik özelliklerinin iyileştirilmesi amacı ile 
nanopartiküllerin polimerler ile karıştırılarak kopozitleştirilmesi uzun yıllardır hem 
akademisyenlerin hem de plastik sanayisinin odak konularından biri olmuştur. 
Nanokompozitler üstün fiziksel, ısıl, ve diğer benzersiz özellikleriyle yüksek 
performans uygulamalarında kullanılan malzemelerdir.  
Polimerik nanokompozitlerin hazırlanmasında en önemli bileşen nanopartiküllerdir. 
Silika, kil, karbon black ve karbon nanotüp gibi nanomalzemeler nano polimer 
kompozit çalışmalarında sıkça kullanılmıştır. Kil gibi nanoparçacıklar saf polimere 
eklendiğinde hemen hemen bütün performans özelliklerini geliştirirler. Karbon 
nanotüpler ise geleneksel birçok malzemeye göre üstün rijitlik ve dayanım 
gösterirler. Olağanüstü elektriksel özelliklere ve elmasın iki katı ısıl iletkenliğe 
sahiphirler. Dayanımları çelikten çok daha fazla olmakla beraber oldukça hafiftirler.  
Nanoparçacıklarla güçlendirilen polimerlerin mukavemet, iletkenlik, gaz geçirgenlik, 
şeffaflık ve yanmazlık gibi bir çok özellikleri iyileştirilerek, modifiye edilmemiş 
polimerlere göre daha çeşitli alanlarda polimer bazlı malzemelerin kullanılmasını 
imkanlı kılmaktadırlar.  
Polimerik nanokompozitlerde kullanılmaya başlanan bir diğer nanopartikül ise 
selüloz nano whiskers (CNW).  Selüloz nano whiskers‟ın çalışmalarda detaylı bir 
şekilde kullanılması son yirmi yıldır gerçekleşmektedir. Selüloz, kendi kendini 
yenileyebilen, biyobozunur, toksik olmayan, ucuz, yüksek güç ve sertlik ve ısıl 
dayanıma sahip doğal bir polimerdir. Ancak, kuvvetli hidrojen bağları ve 
polaritesinden dolayı su bazlı olmayan sistemlere kolaylıkla katılamaması ve 
proseste topaklanması gibi bazı dezavantajları vardır. 
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Nanopartiküllerin polimer yapı ile kompozitleştirilmesinde karşılaşılan en büyük 
zorluk ise nanopartiküllerin polimerik matris içerisinde homojen olarak 
dağıtılamamasıdır. Bunun giderilmesi amacıyla genellikle iki yapının birbiri 
arasındaki etkileşimini arttıran uyum sağlayıcılar kullanılır.   
Bu çalışmada, nanopartikül olarak selüloz nano whiskers kullanılmıştır. Mikro 
kristalin selüloz (MCC) kullanılarak asit hidrolizi yöntemi ile selüloz nano 
parçacıklar hazırlanmıştır. Asit hidrolizinde genellikle sülfirik asit ve hidroklorik asit 
gibi kuvvetli asitler kullanılır. Asit hidrolizinin temel prensibi selülozun yapısındaki 
amorf yapıları parçalayarak daha küçük büyüklükte parçacıklar elde etmektir. Asit 
hidroliziyle yüksek kristaliniteye sahip nano boyutlu selüloz parçacıklar elde edilmiş 
olur. Konsantrasyon, hidroliz sıcaklığı ve hidroliz süresi parçacık boyutunu direkt 
olarak etkileyen etmenlerdir.  
Selüloz nano parçacıkların boyutları SEM kullanılarak tespit edilmiştir. Çekme-
kopma testinden elde edilen kopartılmış numunelerin koparılan yüzeyleri SEM‟de 
incelenmiştir. SEM görüntülerinden elde edilen sonuçlara göre selüloz nano 
parçacıkların boyutları polimerik matris içersinde genellikle 75-100 nm olarak 
dağılmaktadır. Gözlemlenen daha büyük boyutlu parçacıklar, selüloz nano 
parçacıkların topaklanması olarak açıklanabilir.  
Takviye malzemesi ve polimer arasındaki etkileşim mekanik özellikleri doğrudan 
etkiler. Çekme mukavemeti ve modülüsü arttırmak için matrise binen yükün 
homojen bir şekilde dolgu malzemesine aktarılması gerekmektedir. Bunun içinde 
dolgu ve matris arasında iyi bir etkileşim olması gerekmektedir. Maleik anhidritle 
graftlanmış poliolefinler yaygın olarak kullanılnan, dolgu malzemesi ile matris 
arasındaki etkileşimi arttırmayı sağlayan uyum sağlayıcılardandır. Polar yapılı 
nanopartikül ile apolar yapılı polimer matris arasındaki yapışmayı arttırmak için 
maleik anhidritle graftlanmış polipropilen (PP-MA) ve polistiren-blok-poli(etilen-
ran-butilen)-blok-polistiren-graft-maleik anhidrit (SEBS-g-MA) kullanılmıştır.  
Maleik anhidrit yapısında bulundurduğu –OH bağları sayesinde selülozun polimer 
yapı içerisinde dağılımını ve tutunumunu arttırmaktadır. Kullanılan elastomerik 
yapılı SEBS-g-MA ile selüloz nano parçacıklarının dağılımı artarken yapıya esneklik 
sağlamak amaçlanmışıtır.  
Çalışmada, polar yapılı CNW, apolar yapılı bir polimer olan polipropilen (PP) ile 
mekanik ve ısıl özelliklerin geliştirmesi amacıyla polimer nanokompozit malzeme 
olarak hazırlanmıştır. Polipropilen, endüstride çok geniş kullanım alanına sahip 
olefin sınıfı bir termoplastiktir. Polipropilen, düşük yoğunluk, kimyasallara karşı 
direnç, yüksek mekanik dayanım ve darbe dayanımı, kolay işlenebilme gibi birçok 
üstün özelliğe sahiptir. Maliyeti oldukça düşüktür. Apolarlığının yüksek olmasından 
dolayı su emme özelliği düşük ve neme karşı dayanıklıdır.  
Solvent casting metodu ile hazırlanan nanokompozit malzemeden film elde etmek 
için belirlenen koşullarda presleme işlemi yapılmış, ince ve şeffaf filmler elde 
edilmiştir. Nanokompozit filmlerin karakterizasyonu, mekanik ve ısıl özellikleri 
incelenmiştir. 
Nanokompozit filmleri karakterize etmek ve selüloz nano parçacıklarının polimer 
kompozit yapı içerisindeki varlığını saptamak için FT-IR analizi yapılmıştır. Selüloz 
ve maleik anhidrit piklerinde çakışma olduğu saptanmıştır. Ancak selüloz ve 
polipropilen etkileşimlerinden dolayı 1700-1850 cm-1 bölgesindeki pik alanının 
artmış olduğu gözlemlenmiştir.  
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Nanokompozit filmlerin mekanik özelliklerini saptamak için çekme-kopma testi 
uygulanmışıtr. CNW üretimi esnasında asit hidroliz süresinin,  kompozit hazırlama 
esnasında ultrasonik homojenizatördeki muamele süresinin ve ayrıca kompozit 
içerisindeki CNW oranının etkisi incelenmiştir. Asit hidrolizi süresinin az olduğu 
kompozitin mukavemeti homopolimer PP‟e oranla daha yüksek bir kopma 
mukavemeti göstermiştir. Kısa ultrasonik homojenizatör süresinin kompozitin 
mukavemetinde homopolimer PP‟e gore artmış olduğu ancak daha uzun sure 
muamele edilmiş örneğe göre daha düşük mukavemet gösterdiği saptanmıştır. 
Selüloz nano whiskers‟ın farklı oranlarda etkisini incelemek amacıyla 5, 10 ve 15 
oranlarında kompozit içerisinde konulmuştur. CNW miktarı %5‟ten, %15‟e doğru 
arttıkça mukavemetin artmasi yönünde bir eğilim olmakla birlikte, gerçekleşen 
gözlemler ve literatür taramalarından görüldüğü üzere %15‟i çokça aşan değerlerde, 
gerek dağılımın düzgün olmamasıyla beraber topaklanmanın artması, gerekse 
polimer matris oranının azalması gibi sebeplerden ötürü mukavemet düşüşü söz 
konusu olmaktadır. %15 oranında CNW içeren kompozitlerin mukavemeti büyük 
miktarda arttırdığı gözlemlenmiştir.  
Parçacıkların polimer matris içerisindeki dağılımı ultasonik homojenizatörde 
muamele edilme süresi baz alınarak incelenmiştir.  Mekanik özelliklerin 
incelenmesindeki bir diğer değişken ise, uyum sağlayıcı etkisinin incelenmesi 
olmuştur. Elastomerik yapılı SEBS-g-MA ve PP-g-MA karşılaştırıldığında, SEBS-g-
MA‟nın beklenildiğinin aksine yapıya elastiklik kazandırmadığı gözlemlenmiştir. 
Kopma mukavemetleri incelendiğinde PP-g-MA içeren numunelerden daha iyi 
sonuçlar elde edilmiştir.  
Malzemenin ısıl özelliklerinin incelenmesi amacıyla çeşitli testler uygulanmıştır. Bu 
testler DMA, DSC ve TGA‟dır.  
Isıl mukavemetin incelenmesi için DMA testi yapılmış ve CNW miktarının 
artmasıyla mukavemetin arttığı saptanmıştır.  
DSC testi ile malzemenin ısıl karakterizasyonu yapılmıştır. CNW çekirdeklendirici 
gibi davrandığından, %15 CNW ilavesi polimerin kristallilik derecesini yaklaşık 
%50 oranında artmıştır.  
TGA ile malzemenin ısıl bozunma sıcaklıkları incelenmiştir. CNW miktarının 
artması az miktarda dahi olsa %5 ve %50 bozunma sıcaklıklarının artmasını 
sağlamıştır.   
Nanokompozit filmlere uygulanan bir diğer test ise temas açısı testidir (WCA). 
Beklenildiği üzere homopolimer PP‟ye PP-g-MA ilavesi temas açısını düşürmüş, 
kompozitlerin hidrofilikliği artmıştır. CNW ilavesi aynı şekilde   temas açısı 
değerinin daha da düşürmüş malzeme daha hidrofilik hale gelmiştir.  
Sonuç olarak, kompozitin içerisine değişen miktarlarda eklenen selüoz nano 
whiskerlar kompozitin mekanik ve termal özelliklerini geliştirmiştir Isıl kararlılık 
CNW oranının artmasıyla artmıştır. DSC sonuçlarına göre naokompozitin 
kristalinitesinin homojen PP‟ye göre %50 oranında artması , CNW‟ın 
çekirdeklendirici ajan oalrak davrandığını kanıtlmıştır.  
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1.  INTRODUCTION 
Recently, there has been a great interest in producing nanocomposite materials. 
Nanocomposite materials are one of the most exciting and fastest growing areas of 
research with new materials and novel properties. Therefore, nanocomposite 
materials have enormous potential for new applications including aerospace, 
automotive, electronics, biomedical implants, non-linear optics, mechanically re-
enforced lightweight materials, sensors, nanowires, batteries, energy conversion and 
many other systems with smart functionalities [1].  
There are many of nanomaterials such as carbon nanotube, carbon black, silica and 
clay, which have been generally used to make nanocomposite materials. Although 
some studies on cellulose nano whiskers (CNW) have been carried out in the last two 
decades, considerable effort has been devoted in recent years to the research and 
development of materials that utilize CNW, in order to reinforce different polymeric 
composites. Cellulose offers a number of advantages over conventional reinforcing 
materials in the form of; abundancy, renewability, nontoxicity, high specific strength 
and stiffness and relatively low cost [2,3].
 
Using CNW as reinforcing filler can 
reduce material costs together with improved properties[4].
 
 
Incorporation of nanosized elements into a polymeric matrix usually resulted in 
outstanding properties. Extensive work was done by N. Ljungberg in this area. 
Ljungberg, et.al. [5,6] pointed out that mechanical properties of composite are 
strongly dependent on the dispersion quality of the CNW and resulted with improved 
mechanical properties compared to neat Polypropylene (PP). Polyproylene is one of 
the most common engineering plastic due to good resistance to fatigue, excellent 
electrical isolation, high resistance to solvent, easy processability and low cost.  
However, compatibility is the key to obtaining good properties of polymer blends. In 
polymer blends, interfacial adhesion between the components can be increased by 
using a compatibilizer that enables higher interfacial stress transfer [7, 8].  
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Maleic anhydride grafted polypropylene (PP-g-MA) was used to enhance the 
interfacial interaction between the PP matrix and CNW. PP-g-MA have shown to be 
very impressive additives for PP composites with wood cellulose. There is 
significant difference in mechanical properties, especially stiffness and strength with 
addition PP-g-MA [2, 9]. The other compatibilizer, polystyrene- block- 
poly(ethylene- ran- butylene)- block- polystyrene- graft- maleic anhydride (SEBS-g-
MA) have shown elastomeric properties, also. Thermal and mechanical properties 
were enhanced [10].  
This thesis will concern the preparation of nanocomposite from hydrophilic CNW 
were treated with PP-g-MA and SEBS-g-MA copolymer in polypropylene matrix, 
separately.  Thermal and mechanical properties such as strength and elastic modulus 
at various temperatures are investigated.  
3 
2.  THEORETICAL PART  
2.1 Nanocomposites 
Nano structured materials, often characterized by a physical dimension of 1-100 nm 
(such as grain size) and a significant amount of surfaces and interfaces have been 
attracting considerable interest because of their demonstrated or anticipated unique 
properties compared to conventional materials [11]. Nanoparticles plays a very 
important role in the development of technology. It also pays attention to various 
applications like life science, energy, environment, information technology, new 
materials etc. [12]. Therefore, nanocomposite materials and coatings have enormous 
potential for new applications including aerospace, automotive, electronics, 
biomedical implants, non-linear optics, mechanically re-enforced lightweight 
materials, sensors, nano wires, batteries, bioceramics, energy conversion and many 
other systems with smart functionalities [1].   
Nanomaterials have recently attracted increasing interest because of the possibilities 
of synthesizing materials with unique physical and mechanical properties [11].  
Nanocomposite thin films comprise at least two phases, a nano phase and a matrix 
can be either nano or macro phase. The general characteristics of nanocomposite 
coating are a host materials with another material homogenously embedded in it, 
with one (or both) of these materials having a characteristic length scale of 1-100 nm 
as said before. Nanocomposite thin films represent a new class of materials, which 
exhibit special mechanical, electronic, magnetic, thermal, optical properties due to 
their size, dependent phenomena [13].  
Nanocomposite materials are formed by mixing two or more dissimilar materials, 
which one of them is in nano scale, in order to control and develop new and 
improved structures and properties. The properties of nanocomposites depend not 
only on the individual components used but also on the morphology and the 
interfacial characteristics. 
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Nanocomposite coatings and materials is the one of the most exciting and fastest 
growing areas of research with new materials and novel properties being 
continuously developed which are previously unknown in the constituent materials.  
2.1.1 Synthesis of nanoparticles 
There are several techniques for creating nanoparticles, including physical and 
chemical methods, such as sputtering, thermal evaporation, laser methods, chemical 
routes and acid hydrolysis.  
2.1.1.1 Sputtering, thermal evaporation and laser methods  
Preparing nanoparticles directly from a supersaturated vapor was one of the earliest 
methods for producing nanoparticles. It has the advantages of being versatile, easy to 
perform and to analyse the particles, produces high-purity particles and naturally 
produced films and coatings. It has the disadvantages that the cost per gram of 
material is still very high, despite preparing larger quantities of material than by a 
free jet expansion. Further, it is difficult to produce as large a variety of materials and 
microstructures as one can produce by chemical means [14]. 
In its simplest form, the apparatus for producing nanoparticles from a supersaturated 
solution consisted of a vapor source inside a vacuum chamber containing an inert 
gas, usually Ar or He. The vapor source can, for example, be an evaporation boat or 
a sputtering target. Supersaturation is achieved above the vapor source and 
nanoparticles are formed. Above the source is a collection surface, which is often 
cooled by liquid nitrogen temperatures. A convective flow of the inert gas is set up 
between the warm region near the vapor source and the cold surface where they are 
collected.   
Laser vaporizing techniques provide several advantages as a source for producing 
nanoparticles. These advantages include the production of a high density vapor of 
any metal within an extremely short tie and the generation of a directional, high 
speed, metal vapor stream from the solid target [15].  
 
 
 
5 
2.1.1.2 Chemical methods 
In the chemical preparation of nanoscale particles with desired properties, the 
structural properties (crystalline or amorphous structure, size, shape, morphology), 
and chemical properties (composition of the bulk, interface, and surface) are 
important factors to be considered.  
There are also potential difficulties in chemical processing. In some preparations, the 
chemistry is complex and hazardous. Entrapment of impurities in the final product 
needs to be avoided or minimized to obtain desired properties. Scaling up for the 
economical production of a large quantity of material may be relatively easy for 
some but not all systems. Another problem is that undesirable agglomeration at any 
stage of the synthesis process can change the properties.  
Many liquid phase chemistry methods exist for synthesizing nanoscale or ultrafine 
particles. The general procedure involves reactions in aqueous or non-aqueous 
solutions containing the soluble or suspended salts. Once the solution becomes 
supersaturated with the products, a precipitate is formed by either homogenous or 
heterogeneous nucleation. Homogenous or heterogeneous nucleations refer to the 
formation of stable nuclei with or without foreign species respectively. After the 
nuclei are formed, their growth usually proceeds by diffusion. In diffusion controlled 
growth, concentration gradients and the temperature are important in determining the 
growth rate. To form monodispersed particles, i.e.  unagglomerated particles with a 
very narrow size distribution , all the nuclei must form at nearly the same time and 
subsequent growth  must occur without further nucleation or agglomeration of the 
particles. 
In general, the particle size and particle-size distribution, the amount of crystallinity, 
the crystal structure, and the degree of dispersion can be affected by reaction 
kinetics. Factors influencing the rate of reactions include the concentration of 
reactants, the reaction temperature, the pH, and the order in which the reagents are 
added to the solution. A multi-element material is often made by coprecipitation of 
the bacth ions. However, it is not always easy to simultaneously coprecipitate all the 
desired ions, since different species may only precipitate at different pH. Thus, 
special attention is required to control chemical homogeneity and stoichiometry. 
Many technologies use surfactant for preventing agglomerations. A surfactant is a 
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surface-active agent that has an amphipathic structure. Surfactants can provide the 
dispersion by electro static repulsion or absorb onto the surface of particles and their 
lyophilic chains will then extent into the solvent and interact with each other.  
Chemical methods can be used for metal and ceramic materials. For example, 
precious metal powders for electronic applications can be prepared by adding liquid 
reducing agents to the aqueous solutions of respective salts at adjusted pH. Metal 
ions in aqueous solution have been reduced by hydrogen to produce metal powders. 
Nanoscale ferromagnetic particles can be obtained by the reduction of metal salts 
with aqueous sodium or potassium borohydride. Using this technique, nanoscale 
particles of amorphous ferromagnetic alloys have been obtained at low reaction 
temperatures [15].   
2.1.1.2.1 Acid hydrolysis  
Most efforts have focused on the production of nanocomposites with inorganic 
reinforcements, but organic material has been also used. Cellulose whiskers, a name 
that refers to the needle-like structure of the crystallite, were separated from various 
sources such as wheat straw and tunicin, and were used as reinforcements in polymer 
matrices. Using cellulose crystallites as reinforcement in nanocomposites has 
numerous advantages. Acid hydrolysis of cellulose is a well-known process used to 
remove amorphous regions. As seen from Figure 2.1, acid hydrolysis breaks down 
disordered (amorphous) regions and isolates nanocrystals. Most of researcher studied 
the hydrolysis of chitin and native, mercerized, and bacterial cellulose using acid 
hydrolysis [16-18]. Proper treatment of microcrystalline cellulose (MCC) with 
sulphuric acid will not only give isolated cellulose whiskers but also a negatively 
charged surface resulting from the esterification of hydroxyl groups by sulphate ions, 
so that the cellulose suspension forms a stable colloid system [2].   
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Figure 2.1: Cellulose nanocrystal production by acid hydrolysis. 
Nanocrystal production involves a chemical procedure. Strong acids such as 
sulphuric, nitric and hydrochloric acid have been shown to successfully degrade 
cellulose fibers. Sulphuric acid has been extensively investigated and appears to be 
the most effective. The current accepted explanation depicts this process of acid 
hydrolysis as a heterogeneous process that involves the diffusion of acid into the 
cellulose fibres, followed by cleavage of glycosidic bonds [19]. 
Acid type, acid concentration, hydrolysis time and hydrolysis temperature are factors 
that have been shown to govern the products of the hydrolysis process [20]. It is 
believed that acid interacts mainly with the amorphous regions of cellulose, as they 
are the most easily accessible and have the greatest surface area. Therefore, the 
amorphous regions are the first to be targeted by the strong acid, followed by regions 
of increased crystallinity.              
2.1.2 Processing of polymer nanocomposites 
There are three general ways of dispersing nanofillers in polymers. The first is direct 
mixing of the polymer and the nanoparticles either as discrete phases or in solution. 
The second is solution mixing. The third one is in-situ formation of the nanoparticles 
[21]. 
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2.1.2.1 Melt mixing 
Melt mixing takes advantages of well established polymer processing techniques. 
Traditional melt-mixing such as using twin screw extruder or elastomeric mixing 
methods are feasible, they are the fastest method for introducing new products to 
market, because the composites can be produced by traditional methods. This has 
been successful in many cases but for some polymers, the viscosity increased rapidly 
with the addition of significant volume fractions of nano filler, which in turn can 
limit the viability of this processing method.  
2.1.2.2 Solvent casting 
Limitations of melt- mixing can be overcome if both polymer and the nanoparticles 
are dissolved or dispersed in solution. This allows modification of the particle 
surface without drying, which reduce particles agglomeration. The 
nanoparticle/polymer solution can then be cast into a solid, or nanoparticle/polymer 
can be isolated from solution by solvent evaporation or precipitation. Further 
processing can be done by conventional techniques.   
2.1.2.3 In-situ polymerization 
Another method is in-situ polymerization. Nano scale particles are dispersed in the 
monomer or monomer solution, and the resulting mixture is polymerized by standard 
polymerization methods. One fortunate aspect of these methods is the potential to 
graft polymer onto the particle surface. Many different types of nanocomposites have 
been processed by in-situ polymerizations. The key to in-situ polymerization is 
appropriate dispersion of the filler in the monomer. This often requires modification 
of the particle surface, dispersion is easier in a liquid than in a viscous melt, the 
settling process is also more rapid.  
2.1.3 Characterization 
Nanocomposite film characterization is an inevitable and vital step in ensuring high 
quality film for intended applications. Different characterization techniques can be 
used to identify nanocomposites; scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), atomic force microscopy.   
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2.1.3.1 Scanning electron microscopy (SEM) 
Scanning electron microscopy is a very useful technique in the characterization of 
nanocomposites. Conventional light microscopes use a series of glass lenses to bend 
light waves and create a magnified image. SEM creates magnified images by using 
electrons instead of light waves. In a SEM system, an electron gun emits a beam of 
high energy electrons, and this beam travels downward through a series of magnetic 
lenses designed to focus the electrons to a very fine spot. As the electron beam hits 
each spot on the sample, secondary electrons are knocked loose from its surface and 
a detector counts these electrons and sends the signals to an amplifier. The final 
image is built up from the number of electrons emitted from each spot on the sample. 
SEM can show very detailed three-dimensional images at much higher 
magnifications than is possible with a light microscope. Furthermore, specimen for 
the SEM and TEM often require more extensive preparation that are critical to image 
quality, data acquisition in electron microscopy [14, 22].  
2.1.3.2 Transmission electron microscopy (TEM) 
The microstructure of the nanocomposite films was characterized using Transmitting 
electron microscope (TEM). TEM is a powerful technique due to its high spatial 
resolution (~0.2 nm) in imaging. A TEM works much like a slide projector. A 
projector transmits a beam of light through the slide, as the light passes through it, 
that is affected by structures and objects on the slide. This transmitted beam is then 
projected onto the viewing screen, forming an enlarged image of the slide. TEM 
works the same way except that it transmits of electrons through the specimen. 
The transmitted part is projected onto a phosphorous screen for the user to see. 
Materials for TEM must be specially prepared to thicknesses that allow electrons to 
be transmitted through. As the wavelength of electrons is much smaller than light, 
the optimal resolution of TEM images is many orders of magnitude better than that 
of a light microscope. Thus, TEM can reveal the finest detail of internal structure as 
small as individual atoms. However, special care must be exercised to guarantee a 
representative cross-section of the sample [14, 23]. 
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2.1.3.3 Atomic force microscopy (AFM) 
Topography or surface morphology of the as-deposited films was characterized using 
atomic force microscopy (AFM).  An AFM is very powerful and can be made to 
generate any possible image, regardless of its validity. There are several operating 
modes where the AFM can generate microscopic contrast. The primary modes of 
operation for an AFM are static mode and dynamic mode. In static mode, the 
cantilever is "dragged" across the surface of the sample and the contours of the 
surface are measured directly using the deflection of the cantilever. In the dynamic 
mode, the cantilever is externally oscillated at or close to its fundamental resonance 
frequency or a harmonic. The oscillation amplitude, phase and resonance frequency 
are modified by tip-sample interaction forces. These changes in oscillation with 
respect to the external reference oscillation provide information about the sample's 
characteristics [24]. 
2.1.4 Mechanical and thermal properties of nanocomposites 
One of the reasons of adding fillers to polymers is to improve their mechanical 
performance. For example, the addition of high-modulus fillers increases the 
modulus and the strength of a polymer. In traditional composites, unfortunately, this 
often comes at the cost of a substantial reduction in ductility, and sometimes in 
impact strength, because of stress concentrations caused by the fillers. Well-
dispersed nano-fillers, on the other hand, can improve the modulus and strength and 
maintain or even improve ductility because their small size does not create large 
stress concentrations. In addition, the large interfacial area of nanocomposites 
provides an opportunity for altering the matrix properties in unique ways.  
2.1.4.1 Modulus, breaking stress and strain 
In traditional composites, the modulus can be predicted, within bounds, and the 
mechanism that leads to a change in modulus is load transfer. For example, if a high-
modulus filler is added to a lower-modulus polymer, then load transfers from the 
matrix to the filler, leading to an increase in modulus. However, some 
nanocomposites,  the polymer chain and filler are almost the same size, and in others, 
the fillers are atomically smooth, with few functional groups to which the polymer 
can bond.  
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The importance of load transfer is easily illustrated with the shear lag discussion 
commonly applied to graphite fiber/polymer composite. At a given applied 
composite strain, the fiber carries more load than the matrix; therefore stress must be 
transferred from the matrix to the fiber. At the fiber end the fiber does not carry 
stress. Stress is transferred via a shear stress at the filler/ matrix interface, and the 
rate of load transfer depends on the shear stress. For example, the higher the 
interfacial shear stress and the shorter to load transfer length, the more efficient the 
filler is in carrying load and the higher the composite modulus. In addition, the 
higher the aspect ratio of the filler is, the longer the length that carries the maximum 
load, and the higher the composite modulus.  
To fully understand the modulus of nanocomposites, a second mechanism in addition 
to load transfer must be considered. For example, the filler can constrain the mobility 
of the polymer chains as well as their relaxation spectra, which can change the glass 
transition temperature and modulus of the matrix. Nanofillers can also change the 
degree or type of crystallinity in a polymer, which also changes the modulus [21].  
The addition of rigid micrometer-scale fillers to a polymer often increases its 
strength, but decreases the toughness. This trade off is a significant technical 
problem for commercial applications of filled polymers. The reason for the decrease 
in ductility is straightforward: the fillers of agglomerates act as stress concentrators, 
and the defects initiated at the filler quickly become larger than the critical crack size 
that causes failure. Well-dispersed nanoparticles are much smaller than the critical 
crack size for polymers and need not initiate failure. Thus they provide an avenue for 
simultaneously toughening and strengthening polymers. Proper dispersion is critical 
for achieving this. 
Although the small size of nanoparticles should not decrease the strain-to-failure, it 
also should not cause the observed increases in the strain-to-failure. Clearly, there is 
a second mechanism operating. For example, rubber toughening provides the 
background required for this discussion. First, the toughness of a material can be 
defines as the energy to cause failure. This is related to deformation in the material, 
but also to the volume of material undergoing deformation. Even brittle amorphous 
polymers such as polystyrene and polymethylmethacryclate have the potential for 
large deformation, but the volume of material undergoing deformation is small. 
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Material must first strain-soften after yielding and eventually strain-harden. If the 
material does not strain-soften, then defects in the material lead to stress 
concentration that cause catastrophic brittle failure. If strain softening occurs prior to 
strain hardening, then the strain-hardened region draws a larger volume of material 
into the deformation zone and a large strain-to failure results. If strain softening 
occurs, but not strains hardening, the initially strain-softened material propagates the 
cracks. 
Plastic deformation and strain hardening can occur via two different mechanisms: 
crazing and shear yielding. Crazing is the result of dilatational strains that cause an 
increase in volume and subsequent drawing of the material between voids. Thus, 
strain softening occurs due to dilatational strains in front of a craze tip and at the 
craze/matrix boundary, and strain hardening occurs, which allows drawing and strain 
hardening of the material to increase significantly. Unfortunately, in many brittle 
amorphous polymers, failure initiates at the craze/bulk polymer interface and the 
volume of deformed material is small [21].  
Shear yielding also results in strain softening and strain hardening and can result in 
stable neck formation and significant toughness. Due to the large change in shape 
that shear stress causes, a triaxial stress state forms in the center of the sample, which 
can lead to void formation and crack growth. 
2.1.4.2 Glass transition and relaxation behaviour 
The interaction of the polymer with the nanoparticles gives significant opportunity 
for changing the polymer mobility and relaxation dynamics. For example, 
polystyrene chains intercalated between the layers of a smectic clay have more 
mobility locally than in the bulk polymer. This greater mobility may be due to an 
ordering that occurs between the layers, which creates low- and high-density regions, 
thus providing the opportunity for mobility in the low-density regions. If, however, 
the polymer is tethered to the clay, the relaxation spectra broaden to include slower 
relaxation times, suggesting that the clay can reduce the mobility locally.  
It is very clearly that the rheology/ glass transition temperature of a polymer can be 
controlled by changing the polymer mobility with nanocomposite interfaces. For 
example, the glass transition temperature can be eliminated for clay nanocomposites 
with intercalated polymer chains.  
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This indicates a limited ability for cooperative chain motion when the polymers are 
confined between the layers. If the clays are exfoliated, and thus the polymer is not 
confined between layers, the Tg does not change significantly.  Without the help of 
confinement, the Tg can be increased if the polymer is tightly bound to the 
nanofillers.  
The Tg can decrease if the interaction between the filler and the matrix is weak. 
According to some studies [25], increasing in Tg was recently given more attention in 
nanoparticles/ polymer matrix, where it was found that the Tg did not decrease until a 
critical volume fraction was reached. Furthermore, changing the particle surface and 
making it compatible with the matrix eliminated the Tg depression [21].  
2.1.4.3 Thermal stability  
The first indications that nanoparticle could increase the thermal stability of 
polymers. The degradation temperature (defined as 50% mass loss) increases. The 
dispersion of the particles is critical to increasing the degradation temperature. 
Delaminated composites have significantly higher degradation temperatures than 
intercalated nanocomposites or traditional composite. Some speculate that this 
increase in stability is due to the improved barrier properties of the composites. If 
oxygen cannot penetrate, then it cannot cause oxidation of the resin. In addition, the 
inorganic phase can act as radical sink to prevent polymer chains from decomposing.  
In addition to thermal stability, the flammability properties of many nanocomposites 
are also improved [26-28].  
2.1.4.4 Thermal strength 
The storage modulus-temperature curve characterizes the behaviour of the thermal 
strength of material. The storage modulus is measure of elasticity of material. It is 
also called “the ability of the material to store energy”. It is equivalent to the ability 
of a sample to store energy, i.e. its elasticity. Energy storage occurs as molecules are 
distorted from their equilibrium position by application of a stress. Removal of the 
stress results in a return to equilibrium position of the molecular segments [29]. 
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2.2 Overview of Polypropylene 
Polypropylene (PP) is one of the most widely used plastic because it‟s low cost, low 
density and high specific properties. Increasing demand for using them forced the 
scientist to improve their properties. Some mechanical and thermal properties of 
polymer materials can be improved by using reinforcing fillers [30]. 
There are three different types of PP are used in most of applications; isotactic, 
syndiotactic and atactic (Figure 2.2). Isotactic has methyl groups that all aligned on 
one side of the chain. The opposite way, the methyl groups are alternating in 
syndiotactic. For atactic polypropylene, methyl groups are positioned randomly.   
 
Figure 2.2: Three forms of polypropylene, (a) Isotactic, (b) Syndiotactic, (c) Atactic.  
Semicrystalline PP is a thermoplastic material containing both crystalline and 
amorphous phases. Isotactic PP has a semi-crystalline structure that offers good 
mechanical properties such as stiffness and tensile strength [31].  
Polypropylene has excellent and desirable physical, mechanical, and thermal 
properties when used in room-temperature applications. It is relatively stiff and has a 
relatively high melting point, low density, and relatively good resistance to impact. 
These properties can be varied in a relatively simple manner by altering the chain 
regularity (tacticity) content and distribution, the average chain lengths. 
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Polypropylene can be proceed by extrusion, molding and spinning [32]. The melt 
temperatures are generally in the range of 160-190 °C. Heating times should be 
minimized to reduce the possibility of oxidation. Blow molding of PP requires the 
use of higher melt temperatures and shear, but these conditions tend to accelerate the 
degradation of PP. Because of this, blow molding of PP is difficult. In film 
application, film clarity requires careful control of the crystallization process to 
ensure that small crystallites are formed.  
Polypropylene is used in a wide variety of applications including packaging, textiles, 
stationery, plastic parts and reusable containers of various types, laboratory 
equipment, loudspeakers, automotive components, food containers, dishwasher safe, 
and polymer banknotes [33]. In addition, polypropylene is used as a matrix in 
numerous composite products because of its tensile strength, impact strength, 
flexural modulus and softening point.  
2.2.1 Properties of polypropylene 
Polypropylene has superior properties such as low density, resistance to chemicals, 
tensile strength, impact strength and ease of production compared to traditional 
materials, polypropylene became very advantageous for structural applications. But 
some properties of polypropylene are not good enough for structural applications. 
For example, its low elastic modulus is one of the major problems for load bearing 
applications.  
Polypropylene is one the lightest plastics, with a density of 0.905. The nonpolar 
nature of the polymer gives PP low water absorption, resistance to moisture. 
Polypropylene has good chemical resistance like weak acids, alkalies and solvent, 
but liquid such as chlorinated solvents, gasoline and xylene can affect the material. 
PP has excellent resistance to most acids alkalis with the exception of chlorosulfonic 
acid and oxidizing agents. The non-polar structure of PP is the cause why it has high 
resistance to most solvent and chemicals. Because of its nature, it is less stable to 
heat, light and strong oxidizing acids and chlorinated solvents. PP has low dielectric 
constant and is a good insulator. Difficulty in bonding to PP can be overcomed by 
use of surface treatments to improve adhesion characteristics. [31]. 
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2.2.1.1 Mechanical properties of polypropylene 
Polypropylene is a viscoelastic material; consequently its mechanical properties are 
strongly dependent on time, temperature and stress. Furthermore, PP is a semi-
crystalline material, so the degree of crystallinity and orientation also affect 
mechanical properties. A number of common short-term tests-tensile strength, 
elongation at break and strain at yield are based on the behavior of the material 
tension. That of polypropylene follows the general pattern for a hard material, 
showing relatively high yield strength and high elongation at break. The tensile 
strength of PP is inferior to that most other thermoplastics.  
Elongation at break indicates how to material fails in tension. A low elongation 
figure denotes a brittle rupture, while a high elongation shows that the material 
responds ductile manner. Strain at yield is an indication of rigidity of the material 
within its structurally useful range of stress. The comparative ranking of 
thermoplastic by this criterion is quite similar to that produced by elongation at 
break. Mechanical properties of PP can be substantially modifies by inclusion of 
fillers, reinforcement and modifiers. Tensile strength is not greatly affected by fillers, 
nor even by glass fiber reinforcement unless the fibers are chemically coupled to the 
polymer. Then there is a dramatic improvement due to the efficiency with which the 
tensile load is transferred from the PP matrix to the reinforcing fibers. Flexural 
modulus or rigidity is improved by fillers as well as by reinforcement.  
2.2.1.2 Thermal properties of polypropylene 
Many polymers exhibit small secondary transition at temperature well below that of 
the glass transition temperature. A polymer above its glass transition temperature act 
as a tough ductile material while below it, the material is hard and glassy. On cooling 
the glass transition temperature is sometimes known as the freeze temperature. Glass 
transition temperature is measured using a dynamic mechanical thermal analyzer 
(DMTA) or differential scanning calorimeter (DSC).  Glass transition temperature 
(Tg) of PP is -10°C and melting temperature (Tm) of PP is 165°C.  Polymers can be 
processed and shaped above their melting point. 
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In general, PP is not very flame resistant. A non-halogen flame retardant, such as 
magnesium hydroxide, can be added to PP produce a low smoke, flame retardant 
material. The mechanism involves the creation of metals oxides and water, which 
smothers the flame. The down fall to placing flame retardant substances in PP is the 
reduction of UV resistance. Carbon black can be added to provide some protection 
against harmful UV rays [34, 35]. 
2.2.2 Polypropylene nanocomposites 
The extraordinary versatility of unfilled virgin resin and reinforced polypropylene 
suits a wide spectrum of end-use applications for fibers, films, and molded parts. 
However, there always exist certain shortcomings in physical and chemical 
properties that can limit universal use of any given polymer resin. In packaging, for 
example, polypropylene resins have poor oxygen barriers, while low dimensional 
and thermal stability limits the scope of polypropylene composites in automotive 
applications. Most schemes to improve polypropylene gas barrier properties involve 
either addition of higher barrier plastics via a multilayer structure or surface coatings. 
Although effective, the increased cost of these approaches negates one big attraction 
for using polypropylene in the first place in economy. 
When combines with different filler such as clay, talc, calcium, glass and cellulose, 
the mechanical properties of PP can be dramatically enhanced [36-38]. Different 
fillers have totally different effect on polymeric composites and its properties. The 
effects of filler on the composite properties depend on the particle shape, particle 
size, volume fraction in the matrix and compatibility with matrix. The most 
important thing during creating polymeric composites with fillers is the polymer-
filler interaction/interface. By increasing the interaction between the matrix and the 
filler; most of the mechanical properties can be improved [39, 40].  
Due to its nonpolar chemical structure, polypropylene interacts poorly with the 
typically polar filler materials, and optimum dispersion is difficult to achieve. 
Compatibizers, usually maleic anhydride, are frequently used to improve the 
interfacial bond between filler and resin and to further enhance mechanical properties 
[5, 41].  
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Reinforced and filled PP is used in the automotive, appliance, furniture and electrical 
industries. For instance, cellulose-reinforced polypropylene composites have been 
used automotive industry [42, 43].  
2.3 Cellulose 
Cellulose is the most widespread biopolymer. It is a major structural polymer for 
plant cell walls and can also be synthesized by some bacteria. Figure 2.3 shows 
generally accepted chemical constitution of the cellulose chain molecule. Native 
cellulose has both crystalline and amorphous phases. Native cellulose may be 
assigned to a semicrystalline fibrillar material [44]. The cellulose chain bristles with 
polar -OH groups. These groups form many hydrogen bonds with OH groups on 
adjacent chains, bundling the chains together. The chains also pack regularly in 
places to form hard, stable crystalline regions that give the bundled chains even more 
stability and strength [45]. 
 
 
Figure 2.3: Molecular chain formula of cellulose. 
Cellulose is insoluble in water and many of common organic liquids. It can be 
broken down chemically into its glucose units by treating it with concentrated acids 
at high temperature. High hydrophilicity, biocompatibility, polyfunctionality comes 
from unique structure of cellulose. Other advantages of cellulose are renewability, 
biodegradability, non toxicity, high specific strength and stiffness, low cost, good 
thermal stability, rigidity [46]. Properties of cellulose are easily modified by 
oxidation, by acids and by heat [45].  However, there are several obstacles for the use 
of cellulose, such as lack of commercial availability, low yield production, 
agglomeration in processing, and difficulty of using it in systems, which are not 
water based and polar, because of its strong hydrogen bonding and its polarity. 
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For industrial use, cellulose is mainly obtained from wood pulp and cotton. It is 
mainly used to produce paperboard and paper; to a smaller extent it is converted into 
a wide variety of derivative products such as cellophane and rayon. Cellulose has 
many uses as emulsifier, stabilizer, dispersing agent, thickener, and gelling agent but 
these are generally subsidiary to its most important use of holding on to water. 
Cellulose can be converted into cellulose derivatives and regenerated materials, 
which have been used in diverse industries including pharmaceuticals, cosmetics, 
foods and textiles. Recently, attention is increasingly devoted to biodegradable and 
plant-derived composites, which can be designated as „green‟ composites. 
Converting cellulose from energy crops into biofuels such as cellulosic ethanol is 
under investigation as an alternative fuel source [46].   
One of the main functions of cellulose is to act as reinforcement material. Compared 
to inorganic fillers, the main advantages of cellulose are its‟ renewable nature, wide 
variety of fillers available throughout the world, low energy consumption, low cost, 
low density, high specific strength and modulus, easy processability. Also, cellulose 
materials offer several advantages, when combine with plastics because of its special 
properties [47, 48].  
2.3.1. Cellulose nano whiskers 
Nanometric monocrystals of cellulose is commonly referred as whiskers. Cellulose 
whiskers are obtained by acid hydrolysis of native cellulose with sulphuric acid or 
hydrochloric acid as mentioned before. Cellulose nano whiskers have been 
successfully used as reinforcing fillers for both synthetic matrices as well as natural 
ones. Their renewability and property offers environmental and performance 
advantages over traditional nano-fillers such as nanoclays and nano-sized calcium 
carbonate [49, 50].    
Oksman et al. [51-54] has performed extensive research on the production of 
cellulose nano whiskers and the processing of various polymer/CNW 
nanocomposites by both solution casting and extrusion blending. Cellulose whiskers 
are very difficult to disperse in a polymeric matrix as they have a large surface area 
and possess large hydrogen forces among themselves. It can be accomplished with 
using surfactant, dispersing cellulose whiskers in a solvent or using compatibilizer to 
enhance interaction between cellulose whiskers and polymer matrix [55]. 
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Composites obtained with no well dispersion showed insignificant effects on the 
properties of the composites. On the other hand, well dispersed CNW prepared by 
solution casting increases the mechanical and thermal properties of composite. The 
success for polymers composites reinforced by cellulose whiskers vary according to 
process done by other researcher [18, 49, 56].  
Cellulose nano whiskers act as filler in polymer composites. Fillers are used mainly 
to reduce cost, modify special properties of the polymer, such as surface, colour 
density, shrinkage, expansion coefficient, conductivity, and permeability, mechanical 
and thermal properties. Most filler increase the modulus and the tensile strength and 
decrease elongation at break. Recently studies demonstrate that cellulose nano 
whiskers enhanced mechanical and thermal properties. Particle size and shape of the 
filler, interaction between filler and matrix, concentration, dispersion of the filler are 
critical properties for affecting polymer composites [57].  The size and shape depend 
on the particle properties and hence on the conditions of preparation. The size of 
cellulose whiskers is mainly dependent on the source and the acid hydrolysis 
conditions [49]. Cellulose nano whiskers have the potential to significantly reinforce 
polymer at low filler loadings. Low filler concentration, because of the good 
dispersion in polymer matrix, a better interaction of the filler thus, better mechanical 
properties are achieved. On the contrary, at high filler concentrations, agglomeration 
resulting in poor interaction causes a decrease especially in impact strength.  
surfactant or compatibilizer can be used to solve this problem [47, 48].  
2.4 Compatibilizer 
When the subject is mechanical properties; one of the most important phenomena in 
polymeric composites is the interaction between fillers and polymer matrix [58]. 
Compatibilizer for polymers blend or polymer composites are interfacial agents 
improving compatibility between the immiscible components though their effects on 
wetting, dispersion and adhesion.  
The term compatibilizer is commonly used for immiscible polymer/ polymer blends; 
for dispersed fillers, the terms compatibilizer, surface treatments, or surface 
modifiers are commonly used.  
21 
They are all considered as interfacial agent. The differences and similarities in the 
compatibilization mechanisms applicable to blend and composites are discussed 
along with methods of incorporation of common compatibilizers having different 
chemical structures [59, 60]. 
Compatibilizers can compatibilize a polymer and fillers, A and B, consist of two 
parts. One part interact with polymer A and the other part filler B. Infinite dispersion, 
however, is not necessarily desirable since a minimum particle diameter exists for 
each system below which there will be no synergistic improvement in its special 
properties [47, 48].  
2.4.1 Adhesion between fillers and polymers 
Adhesion between filler and polymer is a key issue when the subject is the final 
mechanical properties of a polymer composite. There are lots of compabilizers and 
filler surface treatment methods used for improving the filler- matrix interaction. 
Mostly used compabilizers are silanes, phosphorus based compounds, stearic acid, 
peroxides and maleic anhydride.  
There are five kind of adhesion mechanisms used for explaining the adhesion 
between polymer and filler or reinforcing material; i.e., mechanical, chemical and 
electrostatic adhesion, adhesion through diffusion and thermodynamic absorption.  
The theory of mechanical adhesion can be explained as penetration of the adhesive 
polymeric material in the rough surface of filler. This mechanical adhesion can be 
improved by increasing the porosity and surface roughness of fillers or reinforcing 
materials.  If wettability of the filler by the polymer is poor the interaction will be 
very poor and there will be voids or ait bubbles on the surface of the fillers. These 
voids and air bubbles are possible weak zones which can be possible crach growth 
zones [61]. 
Chemical adhesion is the strongest adhesion type of all. Adhesives that are used in 
daily life works this way. Chemical adhesion can take place with ionic bonding, 
covalent bonding or the weakest of all; hydrogen bonding. Chemical adhesion is 
more resistant to water and temperature [62].  
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Some conducting materials may pass electrons to form a difference in electrical 
charge at the join. This results in a structure similar to a capacitor and creates an 
attractive electrostatic force between the materials. The electrostatic adhesion can be 
simulated like a condenser; the adhesion energy is equivalent to the mechanical work 
needed for the separation of two sides flat condenser [63].  
Voyutski [64] is defining adhesion through diffusion as the adhesion between two 
identical polymers. When two polymeric materials are in a direct contact and they 
are thermodynamically compatible, interdiffusion occurs between the two species. It 
is possible by the molecular motion of polymeric chains but not too low temperature.  
In thermodynamic adsorption , when one or both of the component of the composites 
is in liquid state and there is an very good contact between these components, 
physical or chemical bond formation can be possible [61].  
In a polymeric composite between the filler and matrix there might be physical 
interaction, chemical interaction or both of them. Interactions depend on the nature 
of polymeric matrices and the nature of filler.  
There are different methods improving the adhesion between polymer and filler or 
reinforcing materials but one of the most important things is choosing the right 
method considering nature of polymeric matrices and the nature of filler. There are 
different methods used for improving adhesion between the filler and the matrix. One 
of them is chemical treatment with low molecular weight compounds. Surface of 
inorganic or organic filler is treated with low molecular weight compounds in order 
to decrease surface free energy. Hence, possibility of wetting increases. Other one is 
chemical treatment with macromolecular compounds. Van der Waals bonds or acid-
base interactions are present and macromolecules are absorbed on the filler surface.  
2.4.2 Maleic anhydride  
One of the most commonly used compabilizer is maleic anhydride grafted 
polyolefins. In general, the use of maleic anhydride as a compabilizer significantly 
improves the mechanical properties of cellulose fibre thermoplastic composites [9].  
Especially, graft copolymer of PP and maleic anhydride (PP-g-MA) has shown very 
effective additives for wood cellulose/ PP composites.  
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Ljumberg [5] and his co-workers worked on the different type of cellulose whiskers, 
with various surface and dispersion characteristics. PP-g-MA was used as 
compatibilizer in this work. They determined that, interaction between the filler and 
the matrix as well as the dispersion quality was found to play a major role on the 
mechanical properties of the composites when investigation of the films was 
performed in the nonlinear region.  
 
 
Figure 2.4: Molecular formula of maleic anhydride. 
 
Felix et. al. [65] investigates cellulose fibers which were surface modified with PP-g-
MA copolymer. The mechanical properties, tensile modulus and tensile strength at 
yield, for cellulose fiber/ PP composites, were improved when treated instead of 
untreated fibers were used. The reasons for this improvement were better dispersion 
of fibers in the matrix, a more effective wetting of fibers by the matrix and a better 
adhesion between the two phases.  
The other most common maleic anhydride copolymer is and polystyrene-block-poly 
(ethylene-ran-butylene)-block-polystyrene-graft-maleic anhydride (SEBS-g-MA). Ha 
[66] and his co-workers worked on the effect of cellulose on the properties of virgin 
or recycled plastics. The compatibizing effect of polystyrene-block-poly (ethylene-
ran-butylene)-block-polystyrene-graft-maleic anhydride (SEBS-g-MA) for the 
cellulose- reinforced commingled blends was also investigated. Mechanical 
properties were measured by using universal testing machine and thermal stability 
was measured by a thermogravimetric analyzer. It was found that the addition of 
more maleic anhydride improve the mechanical and thermal properties of 
commingled blends.   
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3. EXPERIMENTAL PART 
3.1 Materials 
Polypropylene (PP) (Capilen) used as polymer matrix. Two different compatibilizers 
are used as thermoplastic polymer and thermoplastic elastomeric polymer. Maleic 
anhydride grafted polypropylene (PP-g-MA) (Westlake Chemical Corp) and 
elastomeric polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-graft-
maleic anhydride (SEBS-g-MA) (Aldrich) were used to improve the adhesion 
between CNW and PP. Toluene was used as solvent. Microcrystalline Cellulose 
(MCC) (FMC Biopolymer) was used to produce cellulose nano whiskers (CNW) to 
be used as reinforcement. Sulfuric acid (Merck) 95-97% and sodium hydroxide 
(Aldrich) were also used during the production of CNW.  
Maleic anhydride grafted polypropylene (PP-g-MA) is a compatibilizer. It 
contains 8 wt% maleic anhydride. Mw is 15789 g/mol.  
 
Figure 3.1: Molecular chain formula of maleic anhydride grafted polypropylene. 
 
Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-graft-maleic 
anhydride (SEBS-g-MA) is compatibilizer. It contains 2 wt % maleic anhydride.   
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Figure 3.2: Molecular chain formula of polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene-graft-maleic anhydride. 
3.2 Equipments and analysis 
Following tests; Infrared Analysis (IR), Scanning Electron Microscopy (SEM), 
Tensile tests, Dynamic Mechanical Analysis (DMA), Differansial Scanning 
Calorimetry (DSC), Thermogravimetric Analysis (TGA) and Contact Angle 
Measurement were performed to examine mechanical, thermal, morphological of PP 
composite films.  
3.2.1 Infrared analysis (IR) 
Infrared (IR) spectroscopy is one of the most common spectroscopic techniques used 
by organic and inorganic chemists. Simply, it is the absorption measurement of 
different IR frequencies by a sample positioned in the path of an IR beam. The main 
goal of IR spectroscopic analysis is to determine the chemical functional groups in 
the sample. Different functional groups absorb characteristic frequencies of IR 
radiation. Using various sampling accessories, IR spectrometers can accept a wide 
range of sample types such as gases, liquids, and solids. Thus, IR spectroscopy is an 
important and popular tool for structural elucidation and compound identification. 
Infrared radiation spans a section of the electromagnetic spectrum having 
wavenumbers from roughly 13,000 to 10 cm
–1
, or wavelengths from 0.78 to 1000 
μm. It is bound by the red end of the visible region at high frequencies and the 
microwave region at low frequencies.  
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IR absorption positions are generally presented as either (ΰ) or wavelengths (λ). 
Wavenumber defines the number of waves per unit length. Thus, wavenumbers are 
directly proportional to frequency, as well as the energy of the IR absorption. The 
wavenumber unit (cm
–1
, reciprocal centimeter) is more commonly used in modern IR 
instruments that are linear in the cm
–1
 scale. In the contrast, wavelengths are 
inversely proportional to frequencies and their associated energy. At present, the 
recommended unit of wavelength is μm (micrometers), but μ (micron) is used in 
some older literature [68]. 
In this study, infrared analyses were performed with Thermo Scientific Nicolet IS10 
FT-IR Spectrometer (from Figure 4.1 to 4.4).  
3.2.2 Scanning electron microscope (SEM) 
As mentioned before in characterization of nanocomposite, scanning electron 
microscope (SEM) is a type of electron microscope that images a sample by scanning 
it with a high-energy beam of electrons in a raster scan pattern. The electrons interact 
with the atoms that make up the sample producing signals that contain information 
about the sample's surface topography, composition.  
The surface of rupture was examined under a scanning electron microscope (SEM) 
with  JEOL Model JSM-5910LV to observe dimension and dispersion of cellulose 
nano whiskers (from Figure 4.5 to 4.9).  
3.2.3 Tensile test 
Tensile properties indicate how the material will react to forces being applied to. A 
tensile test is a fundamental mechanical test where a carefully prepared specimen is 
loaded in a very controlled manner while measuring the applied load and  the 
elongation of the specimen over some distance. Tensile tests are used to determine 
the modulus of elasticity, elastic limit, elongation, proportional limit, reduction in 
area, tensile strength, yield point, yield strength and other tensile properties. The 
main product of a tensile test is a load versus elongation curve which is then 
converted into a stress versus strain curve.  
Figure 3.3 shows a stress-strain curve that includes important points for a material.  
The stress-strain curve relates the applied stress to the resulting strain and each 
material has its own unique stress-strain curve. If the true stress, based on the actual 
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cross-sectional area of the specimen, is used, it is found that the stress-strain curve 
increases continuously up to fracture. The linear-elastic region of the curve indicates 
that no plastic deformation has occurred. In this region, when the stress is reduced, 
the material will return to its original shape. In this linear region, the line obeys the 
relationship defined as Hooke's Law where the ratio of stress to strain is a constant. 
The slope of the line in this region where stress is proportional to strain and is called 
the modulus of elasticity or Young's modulus. The modulus of elasticity (E) defines 
the properties of a material as it undergoes stress, deforms, and then returns to its 
original shape after the stress is removed. It is a measure of the stiffness of a given 
material. To compute the modulus of elastic, simply divide the stress by the strain in 
the material. Since strain is unitless, the modulus will have the same units as the 
stress, such as kpi or MPa. The modulus of elasticity applies specifically to the 
situation of a component being stretched with a tensile force. This modulus is of 
interest when it is necessary to compute how much a rod or wire stretches under a 
tensile load. 
The yield strength or yield point (Figure 3.3) of a material is defined in engineering 
and materials science as the stress at which a material begins to deform plastically. 
Prior to the yield point the material will deform elastically and will return to its 
original shape when the applied stress is removed. Once the yield point is passed, 
some fraction of the deformation will be permanent and non-reversible. 
 
Figure 3.3: Common stress-strain diagram[70]. 
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In this study, tensile tests were applied to 35mm x 5mm composite films. Instron 
3345 Tensile Tester was used to determine properties such as modulus, elongation at 
break and strength (Table 4.1 and Figure from 4.10 to 4.12). Load cell was 100 N 
and cross head speed was 10 mm/min. The gage length was 15 mm, and at least 10 
specimens were tested for each sample.  
3.2.4 Dynamic mechanical analysis (DMA) 
Dynamic Mechanical Analysis (DMA) is a technique used to study the mechanical 
and thermal behaviour of materials where a small deformation is applied to a sample 
in a cyclic manner. This allows the materials response to stress, temperature, 
frequency and other values to be studied. DMA works by applying a sinusoidal 
deformation to a sample of known geometry. An oscillating force is applied to the 
sample and the resulting deformation of the sample is measured. From this, the 
stiffness of the sample can be determined and the sample modulus can be calculated 
[69]. Modulus data in the form of the storage modulus is conceptually equivalent to 
that collected from traditional mechanical tests and gives a measurement of the 
strength and stiffness of the material. DMA is very sensitive technique to the motions 
of the polymer chains and it is a very powerful tool for measuring transitions in 
polymers [70].  
Dynamic Mechanical Analyzer is useful for some other tests such as morphology of 
polymers, loss factor (Tan delta), loss angle (delta), impact resistance, glass 
transition temperature (Tg), relationships mechanical properties/molecular structure, 
relaxation time, rheological properties, secondary transitions etc. 
Figure 3.4 shows a DMA graph. Loss modulus represents the capability of a material 
to dissipate energy (mechanical, acoustic) as heat, owing to viscous motions inside 
the material itself. It is limited to the molecular motion within the sample that 
dissipates energy as heat. In rheology, loss modulus is the imaginary part of the 
complex modulus. Tan Delta is measure of material damping - such as vibration or 
sound damping. Damping refers to damping the loss of mechanical energy as the 
amplitude of motion gradually decreases. It means also the ability of a material to 
dissipate mechanical energy by converting it into heat. Tan Delta is a useful index of 
material viscoelasticity since it is a ratio of viscous and elastic moduli. Tanδ is an 
important indication of viscoelasticity of materials, it is independent from the shape 
and dimension of samples and it is adimensional. 
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Figure 3.4: Plot of storage modulus, loss modulus and tan delta with 
temperature[70].  
In this study, Perkin Elmer, Dimond DMA was used to obtain thermal strength of 
composite at a rate of 3 
o
C/min. Dynamic mechanical tests were applied to 4 mm x 1 
mm composite films (Figure 4.13 and 14). 
3.2.5 Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the 
difference in the amount of heat required to increase the temperature of a sample and 
reference is measured as a function of temperature. Both the sample and reference 
are maintained at nearly the same temperature throughout the experiment. Generally, 
the temperature program for a DSC analysis is designed such that the sample holder 
temperature increases linearly as a function of time. The reference sample should 
have a well-defined heat capacity over the range of temperatures to be scanned. 
Differential scanning calorimetry has been used to study crystallization kinetics of 
many polymeric systems including amorphous cellulose. DSC also measures the 
energy during melting of aqueous polymer solutions [71]. 
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DSC can be used to measure a number of characteristic properties of a sample such 
as glass transition temperature (Tg), crystallization temperature (Tc) and melting 
temperature (Tm) and change in heat capacity (Figure 3.4).  
 
Figure 3.5: Features of a DSC curve[71].   
Differential Scanning Calorimetry analysis was performed with a TA Q Series DSC 
Q10 instrument. Film samples of 2–5 mg were placed in the sample pan. Reference 
pan contains air.  Samples heated from - 80°C to 250°C under N2 (flow rate: 10 
mL/min) at an applied heating rate of 10°C /min (Table 4.2 and Figure 4.15).  
3.2.6 Thermogravimetric analysis (TGA) 
Thermogravimetry has become a general method for comparing the thermal stability 
of polymers. TGA measures the amount and rate of change in the weight of a 
material as a function of temperature or time in a controlled atmosphere [72]. 
Measurements are used primarily to determine the composition of materials and to 
predict their thermal stability at temperatures up to 1000°C. The technique can 
characterize materials that exhibit weight loss or gain due to decomposition, 
oxidation, or dehydration. Figure 3.6 exhibits 5% and 50% weight loss with 
temperature. In comparing thermal stability, it should be remembered that TGA 
measurements only record the loss of volatile fragments of polymers, caused by 
decomposition. TGA cannot detect any chemical changes or degradation of 
properties caused by cross-linking [73].  
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Figure 3.6: Features of a TGA curve.   
In this study, thermal stability was evaluated using a Q50 TGA from TA Instruments. 
Film samples of 5–10 mg were placed in the scale and heated from 25 °C to 900°C 
under N2 (flow rate: 90 mL/min) at an applied heating rate of 20°C /min. During the 
heating period, the weight loss and temperature difference were recorded 
Thermogravimetric analyses were performed with a TA TGA Q50 instrument at a 
heating rate of 20 °C/min (Table 4.3), (Figure 4.16 to 18).  
3.2.7 Contact angle meter 
The determination of solid-vapor γSV and solid-liquid γSL interfacial tensions is of 
importance in a wide range of problems in pure and applied science. Several 
independent approaches have been used to estimate solid surface tensions, including 
direct force measurements; contact angles; capillary penetration into columns of 
particle powder; sedimentation of particles; solidification front interaction with 
particles; film flotation etc. Among these methods, contact angle measurements are 
believed to be the simplest one[74]. Contact angle measurement is easily performed 
by establishing the tangent (angle) of a liquid drop with a solid surface at the base. 
The attractiveness of using contact angles θ to estimate the solid-vapor and solid-
liquid interfacial tensions is due to the relative ease with which contact angles can be 
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measured on suitably prepared solid surfaces. It will become apparent later that this 
seeming simplicity is, however, very misleading. The possibility of estimating solid 
surface tensions from contact angles relies on a relation which has been recognized 
by Young in 1805 [75]. The contact angle of a liquid drop on a solid surface is 
defined by the mechanical equilibrium of the drop under the action of three 
interfacial tensions: solid-vapor, γSV, solid-liquid, γSL, and liquid-vapor, γLV 
(Fig.3.3). This equilibrium relation is known as Young‟s equation where θ is the 
Young contact angle, i.e. a contact angle which can be inserted into Young‟s 
equation. It will become apparent later that the experimentally accessible contact 
angles may or may not be equal to θY.  
 
Figure 3.7: Scheme of a sessile-drop contact angle system. 
Contact angle is a well-known technique for investigating and controlling adhesion, 
surface treatments and cleaning, and polymer film modification. The wetting of solid 
substrates is a basic feature of many natural and industrial processes and contact 
angle is a simple, rapid, and sensitive method of characterizing the wettability of a 
solid surface [74].  
The wettability of the film surfaces was measured by Attension Theta Optic Contact 
Angle test instrument at ambient temperature. The equilibrium contact angles of 5μL 
water droplets were measured by the sessile drop method. The contact angles were 
measured as follows: a 5μL water droplet was placed on the sample using a syringe, 
and contact angle was recorded (Table 4.4).  
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3.3 Preperation of Composite   
3.3.1 Preparation of cellulose nano whiskers (CNW)   
Cellulose nanowhiskers were obtained by acid hydrolysis of microcrystalline 
cellulose (MCC) using the similar method that was used by Marcovich, et. al.  The 
method was similar to that used by Marcovich, et. al.[67]. MCC (5 gr) was 
hydrolyzed in 43,75 ml of 51 wt% sulfuric acid at 45 
o
C for 130 min. Investigation of 
hydrolysis time effect, for one sample, hydrolysis time was determined for 60 min.  
Afterwards, 170 ml of deionized water was added and the solution was kept for 
between 17 and 24 hours. The sulfuric acid was removed by repeated 9 cycles of 
centrifugation, each cycle for 40 min at 8000 rpm. The supernatant was removed 
from the sediment and was replaced by deionized water. The centrifugation 
continued until the supernatant became turbid. To decrease acidity of the solution, 5 
wt% NaOH was added into the solution until 8
th
 cycle. The final suspension had a pH 
value of 9.  
3.3.2 Preparation of composite polymer films   
Nanocomposite films were prepared by solvent casting. The percentages of PP-g-MA 
are 10 and 25 wt%. PP-g-MA and PP were dissolved in toluene separately at around 
105-110 
o
C. The cellulose nanowhiskers (CNW) loading varied from 0 to 15 wt%. 
CNW was added into the dissolved PP-g-MA, and then they were exposed to 
sonification (Bandelin Sonoplus, ultrasonic homogenizator) for 2 hours in order to 
improve the dispersion of the CNW in PP-g-MA. PP-g-MA solution with CNW was 
added into the dissolved PP. Investigation of sonification time effect, for one sample, 
sonification time was determined for 30 minutes. Final solution was mixed for 15 
minutes (1500 rpm, 100 
o
C) to allow some evaporation of toluene while mixing PP 
and PP-g-MA with CNW. Then, the solution was cast in petri dishes and left for 
evaporation in a drying oven at 90 
o
C for one day. 
SEBS-g-MA was added to PP matrix as the same procedure. The percentege of 
SEBS-g-MA is 5 wt%. The cellulose nanowhiskers (CNW) loading varied from 10 
and 15 wt%. All components were dissolved in toluene, and CNW were added into 
dissolved compatibilizer solution. Afterwards, they were exposed to sonification for 
2 hours in order to enhance the dispersion. The dispersed solutions were added into 
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solved PP and mixed together. Then, the solution was casted in petri dishes and left 
for evaporation as mentioned before.  
Reference samples were produced without CNW in order to evaluate the effect of 
PP-g-MA and SEBS-g-MA on the properties of polymer matrix. Proportion of test 
samples and sample codes are listed in table 3.1.  
3.3.3 Preparation of formulation 
Formulations were prepared for film formation via solvent mixing. The compositions 
of the formulations are given in table.3.1.   
Table 3.1: Formulations of composite films 
Sample 
PP 
PP-g-MA 
SEBS-g-
MA 
CNW 
content 
Hydrolyzing 
time 
Sonification 
time 
(Code) 
(wt% in 
polymer 
matrix) 
(wt% in 
polymer 
matrix) 
(wt% in 
polymer 
matrix) 
(wt% in 
composite) (min) (min) 
PP 100 - - - - - 
PPMA10 90 10 - - - - 
PPMA25 75 25 - - - - 
PPMA10-CNW5  90 10 - 5 130 120 
PPMA10-CNW10 90 10 - 10 130 120 
PPMA10-CNW15 90 10 - 15 130 120 
PPMA10-CNW1530 90 10 - 15 130 30 
PPMA10-CNW1560 90 10 - 15 60 120 
PPMA25-CNW5  75 25 - 5 130 120 
PPMA25-CNW10 75 25 - 10 130 120 
PPMA25-CNW15  75 25 - 15 130 120 
SEBSMA5 95 - 5 - - - 
SEBSMA5-CNW10 95 - 5 10 130 120 
SEBSMA5-CNW15 95 - 5 15 130 120 
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4. RESULT AND DISCUSSIONS 
In this thesis, polypropylene composites were modified with different ratios of 
cellulose nano whiskers. Nanocomposites were produced by solvent casting. To 
investigate the effect of nanofillers, CNW was added 5, 10 and 15wt%. PP-g-MA 
and SEBS-g-MA were used to create good adhesion between CNW and polymer 
matrix. CNW and nanocomposites were prepared as describe the process conditions 
in section 3.3.1 and 3.3.2.  Nanocomposite films were analyzed for mechanical and 
thermal properties. 
4.1 Infrared Analysis (IR) 
The FT-IR spectrum in Figure 4.1 shows PP homopolymer and composites contain 
10 and 25 wt% PP-g-MA. Characteristics band of stretching of C=O in the zone of 
1700-1850 cm
-1
 is observed from maleic anhydride and characteristic band of  
stretching of –OH in the zone of 3200-3550 cm-1 is also observed from absorbed 
moisture by the maleic anhydride groups [76,77]. These peaks confirm the presence 
of maleic anhydride in the structure. 
As seen from Figure 4.3, there are similar peaks in the zones of 1700-1850 cm
-1
 and 
3200-3550 cm
-1
 for both samples PPMA10 and PPMA10-CNW15, since maleic 
anhydride and cellulose both exhibit the same band range (Figure 4.2). It is noticed 
that the peak intensity is higher in the zone of 1700-1850 cm
-1
, possibly resulted 
from the interaction of CNW with PP matrix including PP-g-MA. In this case two 
possible interaction exists between the CNW and PP matrix, first one includes 
formation of covalent bonds between anhydride groups and OH groups of CNW 
resulting the formation of ester and carboxylic acid. The second interaction is due to 
the hydrogen bonding between the OH groups of CNW and formed ester and 
carboxylic acid groups as well as unreacted maleic anhydride groups.  
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Figure 4.1: IR spectrum of PP, PPMA10 and PPMA25.  
 
Figure 4.2: IR spectrum of cellulose.  
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Figure 4.3: IR spectrum of PPMA10 and PPMA10-CNW15.  
 
 
Figure 4.4: IR spectrum of SEBSMA and SEBSMA5-CNW15.  
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IR spectrum of the SEBS and SEBSMA5-CNW15 show similar result. As seen from 
Figure 4.4, both of  FT-IR spectrum of the neat films show charactersitics band of 
maleic anhydride asymetric and symetric strecthing C=O at the range of 1700-1750 
cm
-1
, OH strecthing at the range of 3200-3650 cm
-1
 and symetric strecthing C-O-C of 
CNW at 870-1055 cm
-1
. 
4.2 Scanning electron microscope (SEM) 
Fracture specimens was examined under SEM. All reference SEM micrographs have 
smooth images (Figure 4.5, 4.6 and 4.8). There is no micropores and spots. As seen 
from Figure 4.7, some micropores (voids) and CNW can be observed on the 
PPMA25-CNW15, which are generally smaller than 200 nm. Cellulose nano 
whiskers were pointed out with circles and micropores that may correspond 
seperated CNW from the matrix  marked with arows. According to literature reports 
[67], the dimensions of most types of CNW are in the range of 5-20 nm in diameter 
and a few hundred nm to a few microns in length. Therefore some small degree of 
agglomeration may have occurred, since the dimensions of some of the CNW 
domains and micropores (voids) are around 200 nm.  
In Figure 4.9, CNW are mostly around 75-100 nm. The structures are rougher in the 
sample with containing PP-g-MA (Figure 4.6) than the sample with containing 
SEBS-g-MA (Figure 4.8), because presence of PP-g-MA increases the rigidity of 
composite. 
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Figure 4.5: SEM micrograph of PP. 
 
Figure 4.6: SEM micrograph of PPMA25. 
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Figure 4.7: SEM micrograph of PPMA25-CNW15. 
 
Figure 4.8: SEM micrograph of SEBSMA5. 
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Figure 4.9: SEM micrograph of SEBSMA5-CNW15. 
4.3 Tensile Test 
As seen from Table 4.1, maleic anhydride improves the elastic modulus and strength 
of the composites because of increased adhesion in the structure. However, there 
appears to be a critical amount of maleic anhydride beyond which the strength of the 
composite decreases due to reduced molecular mobility in the structure which leads 
to an increase in rigidity and fragility of the structure. Thus while 10 wt% PP-g-MA 
results in an increase in both rigidity and strength, 25 wt% PP-g-MA results in an 
increase in rigidity but a decrease in strength (Figure 4.10).  
It is known that the effect of nano fillers on the mechanical behavior of composites is 
some different than that with fiber filler. Fiber fillers can carry the load resulting in 
an increase of the strength of composites, however, nano fillers, due to their large 
surface area, have more intense interaction with polymer matrix. Nano fillers 
interfere with polymer chain movement (blockage effect) that decreases the 
molecular mobility leading to an increase in the composite strength.  Some nano 
fillers can also carry the load and can transfer the stress away from the polymer 
matrix [78].  
44 
Table 4.1: Tensile properties of references and composite films. 
Sample 
Breaking 
strength  
Breaking 
strain Modulus 
Mpa   % MPa  
PP 25.7 24.9 1258.5 
PPMA10 41.6 5.2 1534 
PPMA10-CNW5 39.5 5.5 1498.2 
PPMA10-CNW10 41.1 9.76 990 
PPMA10-CNW15 44.4 7.38 1258.4 
PPMA10-CNW1530 40.9 5.61 1129.7 
PPMA10-CNW1560 46.6 7.4 1295.6 
PPMA25 33.5 2.17 1777.4 
PPMA25-CNW5 32.8 4.3 1417.5 
PPMA25-CNW10 36.4 5.4 1013.5 
PPMA25-CNW15 39 4.8 1336.1 
SEBSMA5 23.06 35.82 755.91 
SEBSMA5-CNW10 25.46 14.62 1017.36 
SEBSMA5-CNW15 32.76 7.53 1032.57 
 
Similarly to the effect of maleic anhydride, there is also a critical amount for nano 
fillers in the composite above which the strength of the composite decreases as 
reduced molecular mobility in the structure leads to an increase in rigidity and 
fragility of the structure. In Table 4.1, the tensile breaking strength of the composite 
films increases with CNW content. Comparing the strength of PP with MA1-CNW15 
and MA1-CNW1560, a 70–80 % increase in strength is observed with 15 wt% CNW 
reinforcement. The contribution of CNW to the strength of composite material is 
more pronounced for the sample with 25 wt% PP-g-MA than with the sample 
containing 10 wt% PP-g-MA. This may be explained by the fact that the effect of 
sample with 25 wt% PP-g-MA on the compatibility and adhesion between CNW and 
the polymer matrix is more than that of sample with 10 wt% PP-g-MA [79]. As 
mentioned before, there is a critical amount for the nanofiller in the composite. The 
effect of this critical amount was also observed on breaking strains and consequently 
on modulus. 
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Figure 4.10: Tensile strength of PP, PPMA10-CNW15 and PPMA25-CNW15.  
 
Figure 4.11: Tensile strength of PP, SEBSMA5-CNW15 and PPMA10-CNW15.  
The other compatibilizer, SEBS-g-MA improves breaking strain of composite 
because of elastomeric structure. However, composite becomes some weaker 
because of SEBS-g-MA. On the other hand, the presence of CNW also improved the 
strength of composite containing SEBS-g-MA. There is 30 % increase in strength is 
observed with SEBSMA5-CNW15. As seen from Figure 4.11, PPMA10-CNW15 
shows better tensile strength than SEBSMA5-CNW15. 
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The breaking strain (%) exhibits a trend of increasing with an increase in CNW 
content up to 10%. This may be due to the presence of micropores (voids) in the 
structure associated with CNW. There appear to be two competing mechanisms 
resulted from CNW presence: micropores (voids) tend to increase the elongation 
whereas CNW tends to decrease the elongation due to reduced molecular mobility. 
However, comparetion of SEBSMA5-CNW15 and PPMA10-CNW15, there is no 
distinctive chain in tensile strain (Figure 4.12). 
 
Figure 4.12: Tensile strain (%) of PP, SEBSMA5-CNW15 and PPMA10-CNW15.  
It can also be seen that a shorter sonification time results in a decrease in the 
breaking strength because of insufficient separation of CNW during sonification.  
However, a shorter hydrolyzing time results in an increase in higher breaking 
strength of the composite film. This may be resulted from the larger dimensions of 
CNW produced with shorter hydrolyzing times [80].  
4.4 Dynamic mechanical analysis (DMA) 
As seen from the DMA results (Figure 4.13), the storage modulus of PPMA10-
CNW15 is higher than those of both PP and PPMA10. The storage modulus 
increases with the content of CNW by more than 50% over a wide range of 
temperatures. An increase in storage modulus also corresponds to higher thermal 
stability. An increase in maleic anhydride content also results in an increase in 
storage modulus; the storage modulus of PPMA25 is higher than that of PPMA10.  
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Figure 4.14 shows, The storage modulus increases with addition of CNW by more 
than 50% over a wide range of temperatures. An increase in storage modulus also 
corresponds to higher thermal stability.  
 
Figure 4.13: DMA test results of PP, PPMA10, PPMA25, PPMA10-CNW15. 
Figure 4.14: DMA test results of PP, SEBSMA5, SEBSMA5-CNW15. 
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4.5 Differansial scanning calorimetry (DSC) 
As seen from Table 4.2 and Figure 4.15, an increase in CNW content results in an 
increase in the degree of crystallinity (Xc%) of the polymer matrix, which is 
calculated from: 
 
Xc = ΔHm / ΔHm
0
 w                                                                                                 (4.1) 
 
where ΔHm is the heat of fusion of the sample measured by DSC, ΔHm
0
 is the heat of 
fusion of perfect polypropylene crystals (209 J/g [81]
 
), and w is the weight fraction 
of polypropylene [55].  
 
Table 4.2: Results of DSC Thermal Analysis. 
Sample  Tm(°C) ΔHm(J/g) Tc(°C) ΔHc(J/g) Xc (%) 
PP 162 107 115 115 51 
PPMA10 161 94 113 94 45 
PPMA10-CNW5 161 98 114 97 50 
PPMA10-CNW10 160 99 114 96 53 
PPMA10-CNW15 161 136 114 121 76 
SEBSMA5 160 85 114 89 42 
SEBSMA5-CNW15 164 100 120 95 59 
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Figure 4.15: DSC Thermograms during melting process PP, PPMA10, PPMA10-
CNW5, PPMA10-CNW10, PPMA10-CNW15. 
No distinctive changes in the melting and crystalinity temperatures are observed 
except for SEBSMA5-CNW15. PPMA10-CNW15 exhibits higher crystallinity 
(about 50%) and heat of fusion than PP. There may have two important mechanisms 
related with increase of crystallization. One is that filler is nano dimensions and other 
is that filler is cellulose nano crystalline. Cellulose nanowhiskers propably acts as 
nucleating agent for the polymeric matrix as indicated in the other studies. Increased 
of number of particles and amount of surface area which resulted from nano 
dimension of filler and rate of filler in matrix increases the crystallization [82,83]. 
The cellulose nanowhiskers called as nanocrysttalline cellulose, cellulose crystallites 
or crystals in the literature are produced by acid hydrolysis of micro crystalline 
cellulose, thus; the amorphous region is completely hydrolyzed to yield highly 
crystalline cellulose nano whiskers [84].
  
4.6 Thermogravimetric analysis (TGA) 
As seen from Table 4.3, Figure 4.16 and Figure 4.17, an increase in CNW content 
leads to an increase in T05 which is the temperature at which the sample starts to 
decompose (5% weight loss). Thus it can be said that an increase in CNW results in 
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higher thermal resistance. The PPMA10-CNW15 sample exhibits a higher T05 than 
PP by approximately 13 
o
C.  T05 is around 380–410 
o
C for all the samples. T50 is the 
temperature at which a sample loses 50% of its weight, and it is around 450–470 oC 
for all the samples.  
Table 4.3: TGA analysis values of polypropylene composite films. 
Sample 
% 5 loss 
°C(T05) 
%50 loss 
°C(T50) 
Residue 
(%) 
PP 396 453 1 
PPMA10 378 457 0 
PPMA10-CNW5 385 465 0 
PPMA10-CNW10 396 464 0 
PPMA10-CNW15 409 471 1 
SEBSMA5 398 454 0 
SEBSMA5-CNW15 397 466 0 
 Figure 4.16: TGA thermograms of PP, PPMA10, PPMA25.  
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Figure 4.17: TGA thermograms of PPMA10, PPMA10-CNW5, PPMA10-CNW15.  
 
From Figure 4.16, adition PP-g-MA results higher T05. As seen from the Figure 4.17, 
thermal stability enhanced with addition of CNW.  
From Figure 4.18, addition of CNW results higher thermal resistance as expected. 
SEBSMA5 has no distinctive change in T05, however SEBSMA5-CNW15 improves 
T50.  
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Figure 4.18: TGA thermograms of PP, SEBSMA5, SEBSMA5-CNW15. 
4.7 Contact angle measurement 
As seen from Table 4.4, the presence of both maleic anhdyride and CNW leads to a 
decrease in the contact angle and therefore an increase in hydrophilicity of the 
samples.   
Table 4.4: Contact angles (°) of polypropylene composite films. 
Sample  
 
Contact Angle  
(°) 
PP 101.8 
PPMA10 99.4 
PPMA10-CNW5 94.8 
PPMA10-CNW10 90 
PPMA10-CNW15 88.6 
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5. CONCLUSION 
The aim of this thesis is to investigate the mechanical and thermal properties of 
reinforced cellulose nanowhiskers composites which contain polypropylene.  PP-g-
MA and SEBS-g-MA were used as compatibilizers. Cellulose nano whiskers 
reinforced polypropylene nanocomposite films were produced by solvent casting. 
SEBS-g-MA (elastomeric compatibilizer) and PP-g-MA were used to enhance the 
adhesion between polymer matrix and filler. Formulations of composites were 
composed at different CNW and compabilizers ratios. The effect of the amount of 
CNW and PP-g-MA in the matrix polymer, presence of SEBS-g-MA and processing 
conditions on performance and properties of nano composite polymer were 
investigated. Thermal and mechanical properties of nanocomposite films were 
studied. Incorporation of CNW to polymer matrix were found to increase  the tensile 
strength and thermal stability of the nanocomposites. 
There is very limited study in the literature related with polypropylene (PP) 
composite materials reinforced by cellulose nanowhiskers (CNW). Ljumberg et.al. 
could obtain 42 % an increase  on the breaking strength of PP composite materials 
with cellulose nano whiskers. However, in this study, in comparision with neat PP, 
the tensile strength of the composite including SEBS-g-MA was found to be 
improved by approximately 30% with the addition of CNW.  On the other hand, the 
tensile strength of the composite including PP-g-MA was improved by 80%  due to 
processing technique and presence of CNW and compatibilizer PP-g-MA, which 
the strength of pure PP is 25.7 MPa and the strength of PP with CNW is 46.6 MPa. 
Hence, PP-g-MA acts as a better compatibilizer than corresponding SEBS-g-MA.  
The results of contact angle test also support that CNW make film surface more 
hydrophilic when compared with neat polypropylene film.  
As a result, film properties are mainly effected by the  amount of  CNW added into 
the nanocomposites. The thermal stability of the films were increased with increasing 
amount of CNW. Differential Scanning Calorimetry analysis prove that CNW act as 
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nucleating agent and increase the crystallinity around 50%. The results of contact 
angle tests support that incorporation of CNW into nanocomposite films results with  
more hydrophilic surfaces than corresponding neat polypropylene film. 
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